ABSTRACT. The purpose of this study was to compare the surgical outcomes of vitrectomy with conventional internal limiting membrane (C-ILM) peeling to that with the inverted ILM (I-ILM) flap technique for large macular holes (MHs). This was a retrospective chart review of consecutive cases with a large MH at nine hospitals in Japan. Among the 1342 eyes, 165 eyes of 165 cases met the inclusion criteria. The results for medium-large MHs with a diameter 400-550 lm were compared to that of eyes with an extra-large MH with a diameter >550 lm. In addition, the results of C-ILM peeling were compared to that of the I-ILM technique. In medium-large MHs, the closure rate was 95.2% (59/62) by C-ILM peeling and 100% (19/19) by the I-ILM technique. In extra-large MHs, the closure rate was 88.4% (38/43) by C-ILM peeling and 100% (41/41) by I-ILM. Although the difference between the two methods was not significant, the I-ILM technique was successful in 100% of the cases. Multiple logistic regression analysis showed the bestcorrected visual acuity (BCVA) at 6 months was significantly associated with the preoperative BCVA, MH size, age and sex of the patient. Analyses of the eyes with extra-large MHs show that the surgical success is high, and the I-ILM technique is more effective for closure in eyes with extra-large MHs.
Introduction
Macular hole (MH) surgery currently consists of pars plana vitrectomy (PPV), internal limiting membrane (ILM) peeling and gas tamponade (Kelly & Wendel 1991; Wendel et al. 1993; Ko et al. 2017; Hamoudi et al. 2018 ). It has also been shown that MHs can be successfully treated with intravitreal ocriplasmin in cases of MHs associated with vitreomacular adhesion and vitreomacular traction (Jackson et al. 2017) . The success rate of MH closure with these procedures has improved to at least 90%. However, large MHs usually have an increased risk of surgical failure, for example, failure to close, a reopening, a flat-open closure or flat MH margins with bare retinal pigment epithelium (Kelly & Wendel 1991; Wendel et al. 1993; Imai et al. 1999; Brooks 2000; Kang et al. 2003; Michalewska et al. 2010) . Thus, the treatment for MHs needs further improvements especially for large MHs.
In 2010, Michalewska et al. reported on an inverted ILM flap technique which resulted in an improvement of the postoperative closure rates and visual functions for large MHs with a minimum diameter >400 lm (Michalewska et al. 2010 ). After Michalewska et al.'s first report, there have been many studies on the inverted ILM flap technique with or without some modification (Grewal & Mahmoud 2016; Yuan et al. 2017) . These techniques include temporal inverted ILM flap by Michalewska et al. (2015) , Leisser et al. (2017) , Ho et al. (2017) , pedicle ILM flap by Gekka et al. (2015) , autologous and pedicle ILM flap with perfluoro-n-octane by Ozdek et al. (2017) , autologous ILM flap by Morizane et al. (2014) and double internal limiting membrane insertion by Chen & Yang (2017) .
In addition, the inverted ILM technique was adopted for many other types of MHs other than large MHs. A myopic MH was treated successfully by the ILM flap technique (Kuriyama et al. 2013) , and a MH retinal detachment was also treated successfully by the ILM flap technique (Baba et al. 2017) . Eyes with a disc pit-macular syndrome were also treated by this technique (D'Souza et al. 2017; Hara et al. 2017) .
In these reports, the investigators all stated that the ILM flap technique was significantly better than the previous non-flap technique. In addition, metaanalysis by Yuan et al. (2017) reported that the ILM flap technique was significantly better than the previous nonflap technique for MH-induced retinal detachment. They all adopted the definition of a large MH as a MH diameter of ≥400 lm.
In most current reports, the definition of a 'large MH' is 'a MH with a diameter ≥400 lm' (Michalewska et al. 2010 (Michalewska et al. , 2015 Rossi et al. 2017 ), but the scientific rationale for selecting this size is poor. In addition, posturing was recommended for MHs with a diameter of ≥400 lm (Lange et al. 2012) , while posturing was not so effective for MHs with a diameter of <500 lm (Guillaubey et al. 2008) . A meta-analysis of the closure rates of MH with and without posturing reported that the borderline diameter of posturing should be between 500 and 600 lm (Hu et al. 2016) . We also suggested that there must be reasonable and optimal critical diameter to recommend the inverted ILM flap technique and then began this study.
Theoretically, a randomised clinical trial is the best method to assess the efficacy of an intervention, but it is costly and time-consuming. In addition, it may not be applicable to relatively rare diseases. Thus, we studied a large number of patients with a MH in a retrospective, multicentre study in Japan. Even though it did not remove the unknown cofounding factors completely, it can determine the efficacy at an acceptable level (Ho et al. 2008; Sherman et al. 2016) .
Thus, the purpose of this study was to determine the effect of the size of the MH and the surgical techniques on the outcome of vitrectomy with conventional ILM peeling or the inverted ILM flap technique. To accomplish this, we reviewed the results of surgery on 1342 cases of MHs and studied 165 eyes with a preoperative MH diameter >400 lm.
Subjects and Methods
We reviewed the medical records of 1342 consecutive patients with a MH who had undergone MH surgery at nine hospitals; Kagoshima University Hospital (Kagoshima, Japan), Sapporo City General Hospital (Hokkaido, Japan), Tokushima University Hospital (Tokushima, Japan), University of Tsukuba Hospital (Ibaraki, Japan), National Defense Medical College Hospital (Saitama, Japan), Nagoya City University Hospital (Aichi, Japan), University of Fukui Hospital (Fukui, Japan), Nara Medical University Hospital (Nara, Japan), and Hyogo College of Medicine Hospital (Hyogo, Japan). All of the surgeries were performed between February 2011 and January 2016. The procedures used were approved by the Institutional Review Board of each hospital, and the procedures conformed to the tenets of the 1989 Declaration of Helsinki.
Eyes with a large MH were selected for the analyses. The inclusion criteria were eyes with stage 3 or stage 4 idiopathic MHs according to the classification of Gass (Gass 1995) and a minimum MH diameter of 400 lm. The exclusion criteria included eyes with secondary MHs, with previously operated retinal disorders, high myopia with an axial length (AL) exceeding 26.0 mm, other interfering ocular pathologies, patients younger than 50 years and follow-up period less than 6 months.
All patients had standard preoperative ophthalmologic examinations including measurements of the BCVA and axial lengths, slit-lamp examinations, fundus examinations and spectral-domain optical coherence tomography (SD-OCT).
The preoperative MH size was determined by measuring the narrowest mid-hole diameter as reported (Yamashita et al. 2014) . Care was taken that the horizontal OCT scan passed through the centre of the MH, and only the largest diameter was used. A MH of 550 lm diameter was selected as the dividing point for grouping the eyes; MHs smaller than 550 lm were classified as medium-large MHs (81 eyes); and MHs larger than 550 lm were classified as extra-large MHs (84 eyes).
The surgery consisted of standard pars plana vitrectomy (PPV) with core vitrectomy and posterior hyaloid separation performed with 25-gauge microincision instruments. The ILM was peeled by a conventional technique to remove it completely over the macular area, or an inverted ILM flap technique as reported (Michalewska et al. 2010; Yamashita et al. 2014) . The choice of the method was made by the surgeon. Triamcinolone acetonide (TA), brilliant blue G (BBG) or indocyanine green (ICG) was used to make the ILM more visible when necessary. Cataract surgery was performed simultaneously when appropriate. At the end of the surgery, the vitreous fluid was totally exchanged with room air, non-expansive sulphur hexafluoride (SF6) or perfluoropropane (C3F8) with the choice made by the surgeon. Patients were instructed to assume a face-down position at the discretion of the surgeon.
A MH was classified as closed only if the closure was confirmed in the SD-OCT images at the 6 months postoperative examination. Macular holes (MHs) with the flat-open closure type were defined as a failure.
Statistical analyses
All statistical analyses were performed with SPSS 21 for Windows (SPSS Inc., IBM, Somers, New York, USA). Experimental data are expressed as the means AE standard deviations (SDs), and the means and percentages were used for the description of the quantitative data. The BCVA was measured with a Landolt C chart, and the decimal BCVA was converted to logarithm of the minimal angle of resolution (log-MAR) units. Mann-Whitney U-tests, chi-squared tests, Fisher's exact tests and Wilcoxon signed rank tests were used to determine the significance of the differences between groups. Univariate and multivariate binomial logistic regression analyses of the variables were performed to determine whether the variables were significantly associated with the postoperative BCVA or the surgical success. The coefficients of correlation of each variable were determined by Spearman's rank calculations. A p value <0.05 was taken to be statistically significant.
Results

Demography of patients
A total of 1342 eyes had undergone surgery for a MH at the nine hospitals, and 222 eyes (16.5%) had a MH >400 lm. Among these, 165 eyes of 165 patients met the inclusion criteria and were analysed. A flow chart showing the disposition of the participants is presented in Figure S1 . The demographic and baseline characteristics of the 165 patients are summarised in Table 1 .
Forty-nine of the patients were men and 116 patients were women. The mean age was 68.5 years with a range of 50-85 years. There were no significant differences in the age, sex distribution and stage of the MH between the eyes with a medium-large MHs and extra-large
MHs. There were significant differences in the mean preoperative refractive error and mean AL between the groups. The preoperative BCVA was significantly poorer in the extra-large MHs group than in the medium-large MHs group (p < 0.001).
The type of gas tamponade was as follows: 13 eyes by air, 144 eyes by SF6 gas and 8 eyes by C3F8 (Table S1 ). The ILM dye adjuvant was as follows: 46 eyes with TA, 95 eyes with BBG and 24 eyes with ICG. There were no significant correlations between the BCVA at 6 months and the improvement of the BCVA with the different surgical procedures.
Results of macular hole surgery
Cataract surgery was performed on all phakic eyes. In the extra-large MHs, the mean BCVA improved significantly from 20/ 224 (1.05 AE 0.57 logMAR units) to 20/ 60 (0.48 AE 0.35 logMAR units) (p < 0.001). Of these, 65/84 (77.4%) of the eyes had an improvement of 0.2 logMAR units or better, and 18/84 (21.4%) eyes had a final BCVA of 0.3 logMAR units or better. There was no significant difference in the improvement of the BCVA between mediumlarge and extra-large MHS. However, the rate of final BCVA of more than 0.2 logMAR units was significantly fewer in eyes with an extra-large MHs than in medium-large MHs (p < 0.001). 
Surgical results of super extra-large MHs
We also evaluated the results of super extra-large MHs (minimum diameter >700 lm). The inverted ILM flap technique was performed in 12 eyes, and another 13 eyes were treated by conventional ILM peeling. The closure rate was 69.2% (9/13) in conventional ILM peeling and 100% (12/12) in inverted ILM peeling, which did not reach statistically significant difference (p = 0.096). The closure rate in overall cases was 84% (21/25 eyes) which was lower than that of all the other MHs at 97.1% (136/140 eyes, p = 0.019). The improvement of the BCVA was 0.42 AE 0.38 logMAR units which was not significant different from that in large MHs with an improvement of 0.48 AE 0.31 logMAR units. The number of eyes with an improvement of the BCVA by 0.2 logMAR units and final BCVA of 0.3 logMAR units or better was significantly fewer than that of the other MHs (Table 4) .
Factors associated with BCVA after 6 months
Multiple logistic regression showed that the BCVA after 6 months was significantly and independently associated with the preoperative BCVA, diameter of the MH, age and sex (males) of the patient. However, none of the independent factors was significantly associated with the closure percentages (Table 5) . Multivariate binomial logistic regression analysis of the variables was performed to detect the variables significantly associated with MH closure. However, it was not applicable because of low incidence of unsuccessful cases.
Adverse events and complications
The characteristics of the eight eyes in which MH was not closed after the initial surgery are listed in Table S2 . Six of these MHs were closed by one additional surgery. Two of the opened MHs were untreated because the patient declined additional surgery. A retinal detachment developed in two eyes which were repaired with a second vitrectomy. There were no cases of endophthalmitis, corneal opacity or uncontrollable intraocular pressure rise.
Discussion
It has been reported that the postoperative BCVA was directly and significantly associated with the anatomical closure of the MH (Kelly & Wendel 1991; Wendel et al. 1993; Imai et al. 1999; Brooks 2000; Kang et al. 2003) . Thus, the best surgical technique should be chosen with reasonable evidence, and a randomised clinical trial is the most effective method to evaluate the efficacy of a specific intervention. However, this method is not feasible in many circumstances, and it is expensive and timeconsuming. Above all, the comparatively low incidence of large MHs makes it difficult to perform a randomised clinical trial to determine the efficacy of the inverted ILM flap technique for large MHs.
To overcome these difficulties, we first reviewed 1342 consecutive cases of MHs, and only 222 cases (16.5%) were found to have a large MH >400 lm. This finding in our multicentre study indicated the low incidence of large MHs. Epidemiology of MH has not been definitively determined (Cour & Friis 2002) . Forsaa recently reviewed the epidemiology and morphology of MHs (Forsaa et al. in press) . They reported that the mean MH diameter was 445 AE 201 lm, and 55% of the participants had large MHs which is much higher than that of present study of 16.5%. Because the size of a MH can enlarge over time, the size of MH may differ depending on the time of visit to the physician during the course of disease, and the time of visit may be affected by the healthcare systems and culture of each society. It is possible that the present results show the reallife data of MH in the present Japan, but it should not be generalised to other society or other era. It is reasonable that the present results represent the current protocol for the treatment of MHs in Japan, and it is generally believed that retrospective multicentre studies with large number of participants can be a reasonable alternative to randomised clinical trials (Ho et al. 2008; Sherman et al. 2016 ). Thus, we believe that we can give reliable answers on the effect of the size of MHs on outcomes between the two methods of surgical repair of MHs.
We adopted a diameter of 400 lm as the cut-off point for large MHs as had earlier studies (Michalewska et al. 2008 (Michalewska et al. , 2015 Rossi et al. 2017) , and then reset the cut-off point with new scientific evidence.
As best we know, our study had the largest number of subjects with a large MH, and analyses of MH diameters of 550 lm and 700 lm as cut-off points have not been reported previously. We found that each cut-off point led to clinically significant results which is an important aspect of our study.
The exact surgical intervention was selected by the surgeons, and the inverted ILM flap technique was selected mostly for the larger MHs. The results of earlier studies had shown that the percentage of MH closure was lower for larger MHs than smaller MHs using the conventional ILM technique (Kelly & Wendel 1991; Wendel et al. 1993; Imai et al. 1999; Brooks 2000; Kang et al. 2003; Michalewska et al. 2010) . Indeed, our results showed that eyes with extra-large MHs had lower success rates after conventional ILM peeling alone than eyes with medium-large MHs, although the In spite of the 100% closure rate of the I-ILM flap technique, the rate was not significantly different from that of C-ILM peeling because the MH closure rate of C-ILM peeling was high at 88.4% even for extra-large MHs. In addition, the number of patients studied was limited, and a calculation of sample size needed to be significant based on the current results showed that more than a thousand cases would need to be examined to determine that the differences between the two groups were significant (data not shown). However, considering the facts that inverted ILM flap technique was chosen for significantly larger MHs than the MHs treated with the conventional ILM peeling and no remarkable complications in the eyes treated with I-ILM flap technique, it is possible to state that the inverted ILM flap technique may be 'not conclusively but potentially better'. We stress again that further studies are needed to make more definitive conclusions on this issue. Indeed, the advantage of I-ILM flap technic had been reported, while there are some alternative methods that have been proposed (Michalewska et al. 2010 (Michalewska et al. , 2015 Morizane et al. 2014; Gekka et al. 2015; Chen & Yang 2017; Ho et al. 2017; Leisser et al. 2017; Ozdek et al. 2017; Yuan et al. 2017) .
The recovery of vision was poor in eyes with super large MH (>700 lm) even after successful closure by either method. Morgan & Schatz (1985) reported that the size of MH was significantly associated with the duration of MH. Although we could not obtain data of the duration of MHs, the results may be because important components of the retina probably had degenerated during the period of the MH. Chakrabarti et al. (2017) treated MHs by gluconated blood clumps without gas tamponade or postoperative posturing, and they reported that the visual recovery was good after surgery even for large MHs which is not consistent with our results. However, the basal diameter of MH in their study was 892.8 lm, while it was 1036 lm in our study (Table 1) . Because the preoperative size of the MH is a decisive factor related to the postoperative BCVA, this might explain the difference. Therefore, in the preoperative discussions with patients with super large MHs, it is advisable to explain these findings on the prognosis. For these eyes, the current treatment would not be good enough and more advanced methods would be necessary. For example, a transplantation of autologous neurosensory retinal flap may be useful for a refractory myopic MH (Grewal & Mahmoud 2016) . More importantly, our results showed that the postoperative BCVA is largely determined by the preoperative BCVA. This is a limitation of the current treatments.
There are several other limitations in this study. This was not a randomised study, and selection bias can exist. The results showed that the number of large MHs analysed was 165 eyes or 16.5% of all MHs, which is low. In addition, we excluded the large MHs in highly myopic eyes because large MHs in myopic eyes are reported to be difficult to treat (Baba et al. 2017; Mete et al. 2017) . Thus, special care should be taken in generalising the current results to highly myopic eyes. A randomised clinical trial for large MHs is projected in the UK in which the efficacy of facedown positioning, but not inverted ILM peeling, is being examined. However, it will most likely require a longer period to collect enough participants because of the low incidence of large MHs (Pasu et al. 2015) . The present multicentre analysis of a large number of patients may be an alternative method to answer the clinical question of the best method to treat eyes with large MHs.
Second, there were no uniformed criteria in selecting conventional ILM peeling or inverted ILM flap surgery, the intraoperative adjuvant, or the kind of tamponade gas. Rossi et al. (2017) reported that there were differences in the anatomical restoration at the fovea and vision between the two inverted ILM flap techniques, viz., 'the cover technique' and 'the fill technique' they used. In the present study, the inverted ILM flap technic was selected by each surgeon which might have affected the results because the detailed procedures used for the inverted ILM flap were not consistent among the surgeons.
These factors may have affected the results. While the present cases were collected from consecutive cases, it is possible that the results represent the real-world situations for treating large MHs.
In conclusion, the closure percentage of large MHs with a minimum diameter of >400 lm was over 90% from an analysis in a multicentre study in Japan. The inverted ILM flap technique is recommended for MHs with a minimum diameter larger than 550 lm. For super large MH of diameter >700 lm, the MHs can be closed successfully by the inverted ILM flap technique, but the visual recovery may be limited. Thus, another treatment needs to be developed for these eyes in the future. the University of Miami for providing critical discussions and suggestions to our study and revision of the final manuscript.
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